Coronary microcirculation is disturbed in hypertensive patients. We investigated the association of coronary flow reserve (CFR) with the response of left ventricular (LV) function as assessed by tissue Doppler imaging (TDI) during adenosine stress echocardiography in never-treated hypertensive patients.
Introduction
Hypertension is a major risk factor for cardiovascular disease 1 and is associated with functional and structural changes in the heart and the arterial wall such as increased left ventricular (LV) mass (LVM), 2 vascular endothelial dysfunction, 3 and interstitial and perivascular fibrosis. 4 -6 These changes may damage the coronary microcirculation 7 -9 either directly or through the elevation of the LV diastolic pressure causing increased extravascular compression forces. 10 -13 Coronary microcirculatory function is reliably assessed by calculating the coronary flow reserve (CFR) after adenosine-induced hyperaemia using transthoracic Doppler echocardiography. 7, 8 Studies have shown that an impaired CFR correlates with scintigraphic evidence of myocardial ischaemia 14, 15 and contributes to exercise-induced myocardial ischaemia 16 and to exercise-induced LV diastolic 12 and systolic dysfunction 17 in patients with arterial hypertension. Thus, even in the absence of coronary heart disease, a reduced CFR might be potentially responsible for LV diastolic heart failure-a frequent finding in hypertensive patients. 18 Studies have shown that the assessment of CFR provides important clinical and prognostic information in hypertensive patients. 16 -20 Galderisi et al. 12 have shown that the impaired CFR is linked with the myocardial diastolic dysfunction, which was revealed during dobutamine stress echocardiography. However, the changes in LV systolic and diastolic function parameters in relation to the coronary microcirculatory function during adenosine stress echocardiography have not been fully investigated. Tissue Doppler imaging is a reliable method to assess subtle changes in the systolic and the diastolic LV function. 21 In the present study, we hypothesized that the impaired CFR may compromise the response of the LV function during adenosine stress echocardiography. Therefore, we investigated the association of CFR with the corresponding changes in LV function as assessed by TDI imaging indices, in hypertensive patients and control subjects during adenosine stress echocardiography.
Methods

Study population
A total of 90 never-treated consecutive patients (mean age: 51.7 + 11.3 years, 37 females), with newly diagnosed essential hypertension who attended the Hypertension Unit of our hospital, were prospectively studied as outpatients in our echocardiography laboratory. The diagnosis of arterial hypertension was defined as the seated systolic blood pressure (SBP) ≥140 mmHg the and/or diastolic pressure ≥90 mmHg during at least three measurements and .125/80 mmHg during the 24 h-ambulatory BP monitoring. Patients with elevated clinic BP (≥140/90 mmHg) and normal 24 h ambulatory BP recordings (,125/80 mmHg) were characterized as white-coat hypertensive and were also excluded from the study. Thirty normotensive individuals (age: 50.9 + 13.5 years, 14 females) who visited the outpatient clinic for a routine check-up and had similar sex, age, and other atherosclerotic risk factors with the hypertensive group served as controls. For the recruitment of the two study groups, we used a ratio of one control for three patients.
Exclusion criteria were history of diabetes mellitus or a fasting glucose .7 nmol/L (125 mg/dL), familiar dyslipidaemia, coronary artery disease, cardiomyopathy, as these factors may directly influence coronary microcirculation, as well as chronic pulmonary disease. All patients underwent a non-invasive test (thallium scintigraphy or dobutamine stress echocardiography) to exclude myocardial ischaemia. None of the patients was on treatment with statins or cardioactive medications and none of the female patients was on hormone replacement therapy.
The analysed risk factors for atherosclerosis included body mass index (BMI), dyslipidaemia, and smoking. Dyslipidaemia was defined as fasting total cholesterol .5.17 mmol/L (200 mg/dL) or LDL cholesterol .3.36 mmol/L (130 mg/dL), or fasting triglycerides .2.66 mmol/L (200 mg/dL).
The study protocol was approved by the Institute's Ethics Committee, and written informed consents were obtained from all patients.
Echocardiography
Studies were conducted using a Vivid 7 (GE Medical Systems, Horten, Norway) phased array ultrasound system using second harmonic imaging. All studies were digitally stored and were analysed by two observers blinded to clinical and laboratory data, using a computerized station (Echopac GE, Horten, Norway). All patients had adequate images for analysis.
Coronary flow
Coronary flow velocity profiles in the LAD were obtained using colour-guided pulse wave Doppler from long-axis apical projections using a 7 MHz transducer. In 11 patients with weak resting Doppler signal of coronary flow, an i.v. bolus infusion of 0.3 mL of contrast agent (Sonovue, Bracco, Italy) was used at rest and a peak adenosine to enhance the signal. We measured the velocity time integral of the diastolic coronary waveform (VTI-Vd) at rest and after adenosine infusion (140 mg/kg/min) for 3 min. Measurements from three cardiac cycles were averaged. The CFR was calculated as the ratio of hyperaemic to resting diastolic velocity time integral according to standard Doppler methodology. 21 Inter-and intra-observer variability of these measurements in our laboratory were 4 and 2%, as previously published.
22
Previous studies have defined a CFR ,2 as significantly abnormal, that between 2 and 2.5 as borderline normal and that being .2.5 as normal. 23 However, several studies in hypertensives, HOCM, DCM, syndrome X have shown that CFR values 2.0-2.5 may reflect microcirculatory dysfunction. 7, 23 The mean CFR value of our cohort (,2.5) was used for subgroup analysis following previously published cut-off values for impaired CFR in hypertensives. 17, 22, 23 2D, Doppler, and TDI echocardiography
From cross-sectional echocardiographic images of the LV, the following measurements were performed: fractional shortening (FS) (%), LVM and LV mass index (LVMI), as well as left atrium dimension (mm), according to previously published methodology. 22 Flow velocity profiles at rest were obtained prior to CFR evaluation using colour, pulsed wave Doppler from four chambers apical projection. From the mitral valve, diastolic wave forms were measured peak early (E) and atrial (A) flow velocities (cm/s) of the LV diastolic filling.
Myocardial velocities were recorded at the same time using colour tissue Doppler (TDI). A 5-mm sample volume was placed in septal, lateral, inferior, and anterior corner of the mitral annulus in the apical four-and two-chamber view to record the early diastolic velocity (E ′ ). Measurements from three cardiac cycles were averaged. The mean value of the S ′ , E ′ , and A ′ at these four sites of the annulus was used in the analysis. We calculated, as indexes of LV diastolic function, the ratio of E ′ to the A ′ , as well as the ratio of E-wave of the mitral inflow to the E ′ , which is also provided as an index of LV diastolic filling pressures. 21, 24 Inter-and intra-observer variability of S ′ , E, and E ′ were 0.7 and 1.2%, 1.1 and 2.9%, 0.6 and 1.6%, respectively. Using the same methodology, a second series of measurements regarding Doppler and TDI echocardiography were performed between third and sixth min of adenosine infusion (140 mg/kg/min). Inter-and intra-observer variability of S ′ , E, and E ′ was at a little higher when compared with baseline series of measurements: 0.8 and 1.4%, 1.4 and 3.2%, 1.0 and 2.1%, respectively.
Abnormal LV response after adenosine stress test and CFR Blood pressure measurements were obtained just prior to adenosine infusion, as well as during adenosine infusion, at the left lateral decubitus position.
Blood pressure monitoring
Clinic SBP and diastolic blood pressure (DBP) was obtained by mercury cuff sphygmomanometer on the left brachial artery after 5 min of rest, prior to echocardiogram. We calculated the mean arterial pressure (MBP) as ((2 × DBP) + SBP)/3. Three measurements 2 min apart were averaged.
Twenty-four hour ABPM was carried out on the non-dominant arm using the valid recorder TONOPORT V (General Electric, Health Care, Berlin, Germany) as previously published. 22 Recordings were analysed to obtain 24 h, average SBP, DBP, as well as 24 h MBP. All patients had .75% of successful readings.
Statistical analysis
Statistical analysis was performed using the SPSS 13.0 package (SPSS, Inc., IL, USA). Continuous variables were tested by the Kolmogorov -Smirnov test to assess the normality of distribution. Normally distributed variables are expressed as mean + SD. Variables with a non-normal distribution are expressed as median (inter-quartile range) and were analysed after transformation into ranks. Categorical variables are expressed as percentages of the population. Continuous variables were compared between study groups at different time points using Student's t-test or the Mann-Whitney U test, according to normality of distribution of the examined variables.
Analysis of variance (ANOVA) (General linear model, SPSS 13, SPSS, Inc., Chicago, IL, USA) for repeated measurements was used to compare the effects (i) of hypertensive vs. control subjects (ii) of reduced CFR (,2.5) vs. preserved CFR on changes of LV function measurements at baseline and during the adenosine stress test. Changes of LV function parameters between rest and peak adenosine infusion were used as a within-subject factor and (i) hypertensives vs. controls or (ii) reduced CFR vs. preserved CFR (.2.5) as a betweensubject factor. The F-and P-values of the interaction between time of measurement of the LV function markers and decreased vs. preserved CFR were calculated. The Greenhouse-Geisser correction was used when the sphericity assumption, as assessed by Mauchly's test, was not met. Post hoc comparisons were performed with Bonferroni's correction.
Simple linear regression was used to investigate relations between variables, and associations are presented as standardized regression coefficient (B) and unstandardized regression coefficient (b) with 95% confidence intervals.
Multiple linear relations were checked by a multiple linear regression analysis using forward or backward procedure. In an initial step, age, sex, BMI, LVM, heart rate, as well as clinic SBP blood pressure were forced in the regression analysis model as independent variables, to take into account any possible relation to the examined dependent variables (change in LV function parameters). In a second step, the examined Doppler markers and their %changes after adenosine were entered in the multivariable model separately to avoid collinearity. Associations are presented by means of standardized coefficient regression (B), providing as well the cumulative r 2 , standard error, and P of the model.
All covariates included in the final models were tested for interactions. Tolerance values for each covariate was .0.5 in the multivariable models.
Receiver operating curve analysis (ROC) was used to determine the sensitivity and specificity of CFR ,2.5 (median value of the hypertensives) as well as CFR ,2.0 to predict the corresponding median value of the % changes in LV function parameters after adenosine infusion. The curves were constructed by plotting sensitivity against '1 2 specificity'. Specificities and sensitivities for each cut-off value were calculated and expressed as percentages.
All statistical tests were two-tailed and a P , 0.05 was considered to be the level of statistical significance.
Results
Study population characteristics
Clinical baseline characteristics of the study population and controls are presented in Table 1 . All patients completed successfully the protocol of the study. All patients had normal ejection fraction, FS, and LV diameters.
Forty-nine patients had impaired CFR (,2.5, mean value 2.0 + 0.4) and the remaining 41 patients had preserved CFR (≥2.5, mean value 3.0 + 0.5). The two groups of hypertensive patients had similar baseline clinical and echocardiographic characteristics with the exception of the E, A, E ′ , E ′ /A ′ ratio and the E/E ′ ratio ( Table 2) .
During adenosine infusion, there was a significant increase in HR in all patients (73 + 11 vs. 94 + 15 bpm, P , 0.001). No significant changes in blood pressure parameters during adenosine infusion were observed (SBP: 149.2 + 16.6 vs. 148.6 + 15.4, DBP: 88.9 + 10.5 vs. 88.3 + 9.3, P . 0.1).
Response of LV function parameters to adenosine infusion in hypertensive vs. controls
By ANOVA, in the overall study population, there was a significant effect of hypertension status (hypertensive vs. control subjects) on changes of LV function parameters after adenosine infusion after adjustment for age, sex, LVMI, BMI, clinic SBP, and heart rate. Thus, the controls showed a greater increase in E ′ (F for interaction; F ¼ 4.39, P ¼ 0.038) and a lower increase in A ′ (F ¼ 4.26, P ¼ 0.041) in comparison with hypertensive patients. Moreover, hypertensive patients showed a significant increase in the E/E ′ ratio compared with controls (F ¼ 10.70, P ¼ 0.001) ( Table 2 ). There was no significant effect of hypertension status on change in the E, A, E/A ratio,
Response of LV function parameters to adenosine infusion in hypertensive with CFR >2.5 vs. CFR <2.5
By ANOVA, there was a significant effect of CFR (CFR , 2.5 vs. CFR ≥ 2.5) on the change of LV function parameters after adenosine infusion after adjustment for age, sex, LVMI, BMI, clinic SBP, and heart rate. More specifically, patients with CFR . Values are expressed as mean + SD. HR, heart rate; LA, left atrium diameter; LVMI, left ventricular mass index; CFR, coronary flow reserve; LVOT rest, LVOT-VTI at rest; FS, fractional shortening; IVRT, isovolumic relaxation time; and DT, deceleration time of early transmitral velocity. *P-value for comparisons between overall hypertensive population vs. controls. **P-value for comparisons between hypertensives with impaired CFR(,2.5) vs. controls. ***P-value for comparisons between hypertensives with preserved CFR(≥2.5) vs. controls. ****P-value for comparisons between hypertensives with impaired CFR(,2.5) vs. hypertensives with preserved CFR(≥2.5). Values are expressed as mean + SD. Abbreviations as in text. *P-value for comparisons between overall hypertensive population vs. controls. **P-value for comparisons between hypertensives with impaired CFR (,2.5) vs. controls. ***P-value for comparisons between hypertensives with preserved CFR (≥2.5) vs. controls. ****P-value for comparisons between hypertensives with impaired CFR (,2.5) vs. hypertensives with preserved CFR (≥2.5).
There was no significant effect of CFR on change in the E, A, E/A ratio, A ′ after adenosine infusion (F ¼ 0. (Figure 1 ).
Independent association of changes in LV function parameters after adenosine infusion with CFR
By univariate regression analysis, among age, sex, resting HR, LVM, smoking dyslipidaemia, clinic blood pressure markers, only sex, and HR were significant determinants of CFR (Table 3) . Furthermore, a decrease in CFR was associated with an increase in the E and E/E ′ ratio as well as a decrease in the E ′ and E ′ /A ′ ratio both at rest and after adenosine infusion (P , 0.05 for all relations Table 3) . A decrease in CFR was also related to a decrease in S ′ after adenosine infusion. Finally a decrease in CFR was related to lower %changes of S ′ , E ′ , and E ′ /A ′ and higher %changes of E/E ′ , between rest and peak adenosine infusion ( Table 3) .
In a multivariate regression analysis, CFR was independent determinant of changes in LV function parameters in a model, including age, sex, LVMI, BMI, heart rate, clinic SBP and each one of the examined Doppler markers at rest or hyperaemia as well as their %changes after adenosine ( (Figures 2 and 3) .
Discussion
In the present study, we have demonstrated that impaired CFR is associated with an abnormal response of LV systolic and diastolic function during adenosine stress echocardiography in untreated hypertensive patients. Thus, an impaired CFR predicted a ,20.0% increase in S ′ , a ,12.5% increase in E ′ , a .13.5% reduction in the E ′ /A ′ ratio, and a .13.1% increase in the E/E ′ ratio in hypertensive patients after adenosine infusion while the corresponding changes in our controls with normal CFR were 30.0% increase in S ′ , 33.3% increase in E ′ , 9.2% increase in the E ′ /A ′ ratio, and 6.1% decrease in the E/E ′ ratio. Furthermore, in the present study, we provide for the first time cut-off values for the %changes of TDI markers during adenosine stress echocardiography in normal and hypertensive subjects. Abnormal LV response after adenosine stress test and CFR Adenosine stress echocardiography is a highly reproducible method to evaluate CFR. 23 In the absence of significant coronary stenosis, CFR is a marker of coronary microcirculatory function. 7 Studies have shown that CFR is impaired in the early stages of hypertension 7, 12, 22, 25 as well as in the pre-hypertension 8 before LV hypertrophy is apparent 14 in agreement with the results of the present study. Mitral annular velocities, as assessed tissue Doppler imaging, reflect the long-axis motion of the ventricle, which is an important component of LV systolic and diastolic function. 21, 24, 26, 27 The ratio between transmitral E and E ′ (E/E ′ ) has been shown to correlate with the mean LV diastolic pressure. 24 Studies have shown the association of decrease in CFR with abnormal Doppler markers of LV function at rest. 28 In our study, we observed an increase in E ′ in controls as well as in hypertensives with preserved CFR after adenosine infusion. On the contrary, patients with impaired CFR failed to increase in E ′ and presented a simultaneous increase in E-wave velocity, causing a concomitant increase in their E/E ′ ratio. These observations indicate that LV accommodates the increased preload during adenosine-induced stress with a disproportionate increase in LV diastolic filling pressure as assessed by elevated E/E ′ . Furthermore, at peak adenosine infusion, we observed that longitudinal systolic function as assessed by S ′ falls short in patients with impaired CFR in comparison with patients with preserved CFR and controls despite the similar S ′ at baseline between the three subgroups.
Interestingly, the %changes of the measured LV TDI markers were similar between patients with preserved CFR and controls, further supporting that a preserved CFR may be responsible for an adequate response of LV to the adenosine stress test. Longitudinally oriented myocardial fibres contribute substantially to LV systolic and diastolic longitudinal function, and their function is reliably assessed by measurement of S ′ and E ′ mitral annular velocities. 21, 26, 27 As these fibres are placed in the subendocardium, 29 they are particularly susceptible to ischaemia and fibrosis. These processes are common findings in hypertension. 30, 31 Indeed, studies have shown that impaired CFR is a significant contributor to exercise-induced myocardial ischaemia 16 and to exercise-induced LV diastolic dysfunction in hypertensive patients 12 and may contribute to the development of cardiac complications in hypertension, including heart failure. 17 The inadequate response of LV as assessed by TDI markers in hypertensive patients with impaired CFR compared with controls may be attributed to a mismatch between increased myocardial oxygen demands during adenosine echo stress and subendocardial hypoperfusion due to redistribution of the coronary flow from subendocardium to subepicardium. 16, 22, 23, 28, 32 Increases in LV filling pressures may deteriorate myocardial perfusion during diastole while increasing extravascular compression forces. 12, 23, 32 The observed association between CFR and changes in the TDI LV function parameters in our hypertensive patients remained significant after adjustment for other confounding factors. This finding suggests an independent link between impaired CFR and abnormal LV response to the stress of adenosine-induced hyperaemia. Abnormal LV response after adenosine stress test and CFR Figure 3 (A) An example of a hypertensive patient with preserved CFR (n ¼ 4). We observed that, during adenosine infusion, there was an increase in S ′ at the lateral site of mitral annulus by 60%, as well as increase in E ′ at this site by 20%. (B) An example of a hypertensive patient with reduced CFR (n ¼ 2). We observed that, during adenosine infusion, there was a decrease in S ′ at the lateral site of mitral annulus by 7%, as well as no change in E ′ at this site (0%). Upper case: Doppler recording of the coronary flow in left anterior descending artery at rest (left) and after adenosine (right). Lower case: Tissue Doppler imaging recording at the lateral site of mitral annulus at rest (left) and after adenosine (right).
Galderisi et al. 12 have shown that hypertensive patients with a CFR ,2 have a lower E ′ /A ′ ratio at baseline as well as during highdose dobutamine stress echocardiography. In this study, there was an independent negative association between CFR and E ′ /A ′ at high-dose dobutamine. In addition, Kozàkovà et al. 33 examining the LV mid-wall fibre shortening in relation to end-systolic wall stress found that almost half of subjects with stage 1 and 2 systemic hypertension and normal myocardial performance at rest had attenuated response of LV to inotropic stimulation by very low doses of dobutamine. Moreover, these investigators demonstrated that reduced coronary vasodilator capacity may cause a decreased LV performance through myocardial ischaemia. 17 In the present study, a decrease in CFR predicted the %changes in S ′ , E ′ , as well as E ′ /A ′ and E/E ′ ratios. Considering the tight relationship between LV function and coronary microcirculatory function, we may assume that CFR is a surrogate marker of LV function at adenosine stress and may predict an abnormal response of LV to the adenosine stress test.
In conclusion, in our selected population of newly diagnosed untreated hypertensive patients with normal resting myocardial performance, infusion of adenosine for the examination of CFR was able to unmask a blunted myocardial performance reserve. As this early functional alteration was mainly attributed to reduced coronary vasodilatory capacity, impaired CFR may be considered as a marker of early myocardial dysfunction in hypertensive patients. Thus, the scrutinization of the behaviour of TDI-derived LV function indices may unmask subclinical LV systolic and diastolic dysfunction in addition to the assessment CFR during adenosine stress echocardiography.
Considering the prognostic value of TDI-derived LV performance indices, careful assessment of these markers during adenosine stress may provide novel prognostic information in newly diagnosed subjects with hypertension, particularly in those with impaired CFR. In patients in the early stages of hypertension, the evidence of impaired response of LV function after adenosine infusion should prompt to the initiation of aggressive treatment, as recent data showed a major prognostic benefit following aggressive treatment of hypertension. 34 
Study limitations
Our results establish a close relation between CFR and response of TDI-derived LV function parameters in newly diagnosed nevertreated hypertensive patients. However, this study was not designed to verify whether this relation is causative or secondary to endothelial dysfunction and interstitial fibrosis within coronary and myocardial wall and/or increased LV filling pressures, causing increased extravascular compression forces in hypertensive patients. 22, 35 We have previously shown that CFR is independently related to the E/E ′ ratio in addition to structure and function of peripheral arteries, as reflected by intima-media thickness and pulse wave velocity. These findings suggest a primary role of coronary microcirculation disturbances in the genesis of myocardial dysfunction on the grounds of a generalized vascular dysfunction affecting simultaneously the coronary and peripheral vascular bed in hypertensive patients. As our hypertensive patients were newly diagnosed, none had evidence of LV hypertrophy. Thus, we were not able to assess the effects of LV hypertrophy on CFR in our study. However, studies have shown that coronary microcirculatory impairment may occur in very early stages of hypertension in the absence of LV hypertrophy.
14 As our patients underwent tests to exclude myocardial ischaemia but not coronary angiography, the presence of coronary artery disease without significant coronary stenoses may not be excluded.
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